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Abstract The ground-state electronic svuctures of the ferromagnetic and antiferromagnetic 
phases of K2NiFd have been investigated using the ab inrtio periodic Hmee-Pock approach. 
The system is a wide-gap insulator. The antiferromagnetic phase is more stable than the 
ferromagnetic phase by 0.0216 eV per Ni pair, which is almost exactly hvo thirds of Lhat 
found in KNiF3, in agreement with the hypothesis of additivity of the superexchange interaction 
with respect to the number of Ni-Ni neighbours. KzNiF4 tum out 10 be a two-dimensional 
antiferromagnet, the calculated interlayer superexchange interaction being at 1mt h orders 
of magnitude smaller than that within the layers; the latter is shown to obey a d-'2 (d is the 
shortest Ni-Ni distance) power law as suggested in the literature, and as verified in a previous 
study on KNiF3. The two apical F ions of the NiF6 octahedra not involved in  the Ni-F-Ni 
superexchange path play an imporlam role in determining the ferromagnetic-antiferromagnetic 
energy difference. which on the other hand is insensitive to large geometricaJ modifications that 
leave the octahedra unaltered. Charge- and spin-density maps are used to illustrate the electronic 
structure of the system and the superexchange mechanism. 

1. Introduction 

K2NiF4 has been the subject of considerable experimental [1-5] and theoretical [6-9] interest 
because of both its peculiar properties and its structural similarity to LaZCuOl, the prototype 
of high-T, cuprate superconductors. KZNiF4 is an antiferromagnetic insulator, with a Ndel 
temperature T ,  of 97 K. Its structure (see figure 1) consists of NiFz layers separated by two 
K F  layers; the space group is 01: (M/mmm). In the basal plane, Ni is fourfold coordinated 
with a Ni-Ni distance of 4.01 A and a Ni-F-Ni angle of 180". The distance between the 
Ni planes along the c axis is large (c/2,  where c = 13.08 A; table I), so that K2NiF4 is 
usually considered to be a two-dimensional antiferromagnet. The local situation around the 
Ni atoms is very similar to that in cubic perovskite; the NiF6 octahedron, which is 
regular in KNiF3 (NI-F distance equal to 2.01 A), is only slightly distorted in KzNiF4 (2.00 
and 1.97 8. for the equatorial and the apical F, respectively). However, in KNiFs there are 
six second-nearest neighbours, compared to only four in K2NiF4. Various experimental data 
[ 1 4  analysed by de Jongh and Block [7] in terms of the magnetic coupling constants J, 
indicate that KNiq  and K2NiF4 possess very similar J-values (-.Ilk ranges from 44 to 
51 K for K N S 3  and from 48 to 52 K for K2NiF4, where k is the Boltzmann constant). 
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In the present paper we explore the electronic and magnetic properties of KZNiF4 
using an ab initio quantum-mechanical method and compare them with the corresponding 
quantities in KN&. In particular the total energy of the ferromagnetic (FM) and 
antiferromagnetic (AFM) ground states are evaluated as a function of the geometrical 
parameters. This allows us 

(i) to compare the J-value calculated from A E ,  the FM-AFM energy difference, with 
those resulting from experiment, 

(ii) to compare the calculated J dependence on the Ni-Ni distance d with that inferred 
from experimental data [7], 

(iii) to verify the additivity of the superexchange Ni-F-Ni interactions with respect to 
the number of metal-metal neighbours, as assumed in model Hamiltonians, such as the 
Ising or the Heisenberg models, 

(iv) to discuss the relative importance of the intra-plane and inter-plane magnetic 
coupling constants ( J  and J’, respectively) and 

(v) to discuss the role of the apical F ions, which are not involved in a superexchange 
interaction. 

The electronic structure analysis is complemented with electron charge-density and spin- 
density maps and structural data. In a parallel paper the electronic structure of KNiF, has 
been investigated [lo]. 

2. Computational method 

The implementation of the ab inirio self-consistent field (SCF) Hmtree-Fock LCAO 
computational scheme for periodic systems within the CRYSTAL code [I l l  has been 
described in previous papers [ 12,131. Recent additions to the code were used for calculations 
of the FM and AFM states within the unrestricted Hartree-Fock theory; information on the 
implementation and on the results referring to simple transition-metal oxides can be found 
in [14] and in [15,16], respectively. There are three main limitations to the accuracy 
of calculations using this scheme. The main source of error, electron correlation, comes 
directly from the HartreeFock approximation. In previous work, this has generally led to 
an underestimate of the binding energies by about 30% [17, IS], and to overestimates of the 
lattice parameter for transition-metal compounds of approximately 2% [ 14-16]. Functionals 
of the HartreeFock density (see for example [19,20]) have been shown to be very effective 
in correcting the binding energies [17,18], and to correct in the right direction (about 10% 
increase) the AFM-FM energy difference, which in the case of KNiF3 [IO] is underestimated 
by about 40% at the Hartree-Fock level. 

The second source of inaccuracy may come from the numerical approximations 
introduced in the implementation of the SCF equations. These approximations appear in 
the reciprocal-space inteagation and in the evaluation of Coulomb and exchange series. 
In this work, high numerical accuracy was achieved using values of 7 , 7 , 7 , 7  and 14 
for the parameters controlling the direct-space summations [ 11-13]. The reciprocal-space 
integration was performed by sampling the Brillouin zone at a regular set of points defined 
by a shrinking factor IS of 4 (21 k-points in the irreducible part of the Brillouin zone); 
the energy difference with respect to a calculation performed with IS= 8 is less than 
Hartredcell. In order to reduce numerical noise, all the calculations have been performed 
with the AFM double cell; the energy difference for the FM state between calculations with 
the single and the double cell is less than IO-’ Hamedcell, however. 

The third source of error relates to the choice of basis set. Extended Gaussian basis sets 
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Figure 1. The crystal svuuure of K2NiF4. The arrows 
indicate the Ni spin orientations in the AFM StNClUe. 

Figure 2. Energy difference per two formula units 
behveen the FM and AFM p k s  as a function of d ,  
the in-plane Ni-Ni distance. The NiPb octahedron is 
regular (NI-F distance equal to 612. e is kept “ t a n 1  at 
the experimental value; Z F ,  the fractional coordinate of 
the apical F atoms, is varied to maintain the regularity 
of the octahedron). The broken line is two lhirds of 
the FM-AFM energy difference for KN&. do is the 
experimental d-value (4.01 A). For the inhrpofaling 
curve, see text. 

composed of 27, 17 and 13 ‘atomic orbitals’ have been used for Ni, K and F, respectively, 
where each orbital is a linear combination (contraction) of Gaussian-type functions. The 
basis set has  been optimized (exponents and coefficients) in previous studies (see [16], [21] 
and [22] for Ni, K and F, respectively). Larger basis sets (d functions on K and F; a 5-1G 
contraction for the Ni  d shell, instead of the 4-1G contraction of [16], with a more diffuse 
outer Gaussian which provides a larger Ni-FNi overlap; addition of a diffuse sp shell on 
Ni) have been used for single-point calculations in the parallel study of KN& [lo], where 
it has been shown that AE,  the FTv-AFM energy difference, changes by less than 1% as a 
consequence of these basis set improvements. 

3. Results and discussion 

3.1. The structural data 

The calculated geometrical parameters and bulk modulus are given in table 1, together with 
the available experimental data. The a lattice parameter is overestimated by about 2%, 
in line with the results for Mi3 [lo], MnO and NiO [14-161. The overestimation of c 
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is larger (3.4%). because the interaction between the NiF, and KF layers is weak, with a 
non-negligible contribution from dispersion forces (which are disregarded at the ffartree- 
Fock level) and because the Hartree-Fock method tends to overestimate the size of heavy 
cations (K' in the present case), as indicated by the results for the series LizO, NazO, KzO 
[21] and LiF, NaF, KF [23]. The resulting error for the equilibrium volume is +7%. The 
bulk modulus is small (less than one third of that of KNiF3), as a consequence of the large 
compressibility along the c axis. 

Table 1. Calculated and experimental equilibrium geomey and bulk modulus B, lattice 
panmeten 4 and c, fractional coordinates of ZF and ZK. The numbers in parentheses ace 
the percentage ermm with respecl to experiment. 

Calculated value Experimental value 

4 ($ 4.08 (4-1.753 4.01 
c (A) 13.52 (t3.36) 13.08 
c/a 3.313 3.26 
V 2 z . i  (17.03) 210.3 
ZF 0.152 0.151 
ZK 0.352 0.352 
E (GPa) 49.2 - 

3.2. The magnetic properties 

In the present study we considered the FM state, the non-magnetic NM state and two 
different antiferromagnetic (AFM and AFM') states. The spin ordering for AFM is shown 
in figure 1; each Ni atom in a NiFz plane is surrounded by four Ni atoms of opposite spin. 
The situation is similar to that in KNiF3 [IO] where, however, the number of neighbours is 
six instead of four. The in-plane Ni-Ni distance is 4.01 A in both cases. The AFM' structure 
is a sequence of (001) FM planes with opposite spin. The difference with respect to the FM 
situation is that Ni atoms belonging to different planes have opposite spin (they are thud 
nearest Ni-Ni neighbours; the Ni-Ni distance is 7.13 A; there an eight such neighbours 
for each Ni atom). At the experimental geometry the energy difference between the AFM' 
and FM solutions is less than IO-' eV/cell (this is the threshold above which we consider 
our energy differences reliable), showing that the inter-plane superexchange interaction is 
extremely small. The AFM solution, on the contrary, is more stable than the FM solution 
by 0.0216 eV per Ni pair, and more stable than the NM solution by many electronvolts. 
This energy ordering remains unchanged when relatively large geometry modifications are 
performed (compression or expansion of c, keeping a constant; compression of a at constant 
c; variation in ZF at constant volume; isotropic compression), although obviously the energy 
differences are changing as a function of these modifications, as will be discussed below. 

IP their recent study with a local-density functional approach, Eyert and Hock [9] found 
an energy difference between the AFM and the NM states of only 0.3 eV, whereas their 
FM state is less stable than the NM state. Small orthorhombic deformations of the double 
cell were sufficient to alter the energy order and to cause a transition from an insulator to 
a metallic state. This unrealistic picture is due presumably to the poor description of the 
exchange operator at the local-density level, which plays a crucial role in the definition of 
the position of d states in the band structure. 

The energy difference A E  between the FM and the AFM states can be related to 
the experimental data obtained with various techniques [ 141; the experimental results are 
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usually expressed in terms of the magnetic coupling constants J of a model (Heisenberg or 
Ising) spin Hamiltonian. The intra-planar ‘expenmental’ J-values, collected by de Jongh 
and Block [7], range from -48 to -52 K (in Boltzmann’s constant units) for KzNiF4 and 
from -44 to -51 K for KNiF3. J‘, the interlayer magnetic coupling constant, is estimated 
to be 104-106 times smaller than J [7]. If we refer to the king model (which is in some 
sense more appropriate than the Heisenberg model, because our Hartree-Fock solutions are 
eigenvectors of S, and not of p), the following relation holds between J and BE: 

AE = 2SzJz (1) 

where z is the number of Ni second neighbours (four in K2NiF4) and S is the total spin 
moment (S = 1 in the present case). The resulting calculated -J-value is 31.3 K, between 
60 and 65% of the experimental value. The agreement, although semiquantitative, is very 
satisfactory, if we take into account the state of the art in this field and the very small 
energy differences involved. The 40% quantitative discrepancy may be attributed to many 
factors such as 

(i) correlation effects, which are disregarded at the Hartree-Fock level, 
(ii) spin-xbit terms, not included in the present calculation, 
(iii) inadequacy of the models adopted in going from the experimental measured quantity 

(iv) spin contamination of our S = 1 and S = 0 states. 

Let us turn now to the problem of the additivity of the superexchange interactions, which 
is implicit in the Ising (factor z in equation (1)) as well as in the Heisenberg model. The 
calculated AE-values for KNiF3 ( z  = 6) and K2NiF4 (z = 4) are 0.03083 and 0.021 58 eV 
at the experimental geometries, and their ratio r = 1.43 is very close to the theoretical 
value, 6/4. If the KZNiF4 octahedron is given exactly the same geometry as in KNiF3 (NI-F 
distance equal to 2.005 A), the ratio increases to r = 1.48. The scaling with the number 
of neighbours remains nearly constant (between 1.48 and 1.51) for a large range of Ni-F 
distances, which corresponds to a variation in J by about one order of magnitude, as shown 
in figure 2, where A E  as a function of the NI-F distance is reported for the two systems. 
The K2NiF4 data have been obtained by modifying the side of the perfect NiF6 octahedra by 
keeping c fixed at the experimental value. In figure 2 the calculated points are interpolated 
with a power law of the Ni-Ni distance: 

to J ,  and/or from the calculated A E  to J through the king model and 

AE = K(d/&)” (2) 

where do is the experimental a lattice parameter. It turns out that for both systems the 
exponent is around -12 (-1 1.5 and -12.3 for K2NiF4 and KNiF3, respectively) as proposed 
by de Jongh and Block 171 on the basis of the analysis of the experimental J-values for 
WiF3 and XZNiF4 compounds with different lattice parameters. 

There are other aspects of the superexchange interaction that can be investigated within 
the present model. We can explore how AE is perturbed by the position of the K+ ions and 
by the relative position of the (unaltered) octahedra. In figure 3 the broken curve gives A E as 
a function of c when the octahedra are kept at their experimental geometry. The figure shows 
that AE changes by less than 2% when c is varied from 13 to 18 A; it should be noticed 
that the corresponding variation in the total energy is close to 2 eV per formula unit, which 
is about four orders of magnitude more than AE; this clearly shows that the surroundings of 
the NiF6 octahedra have only a minor influence on the superexchange interaction, also for 
relatively large modifications of the crystalline structure. A related question concerns the 
role of the apical F ions in the superexchange interaction and determining the magnitude of 



8002 R Dovesi er a1 

Table 2. Spin population (in electrons) of the valence 'atomic orbitals' in the FM and AFM 
solutions, 'Inner' and 'Outer' refer to the internal and external (most diffuse) valenee functions 
on the given atoms: 'TOW is ihe sum of ihe two mntributions: in the case of the FM solution 
the rum of all the spin populations in the unit ceU is 2 elec@ons: in the AFM me. only one Ni 
atom is reported: the second Ni atom has opposite spin populations. 

Spin population (electrons) 

FM AFM 

Inner Outer Total Inner Outer Total 

Q equatorial pz 0.026 -0.010 0.016 0.000 0.000 0.000 
Pequmrial pypz 0.002 -0.002 0.000 0.000 0.000 0.000 

Fapicd pX, pY 0.001 -0.001 0.000 0.001 -0.001 0.000 
F apical pz 0.016 -0.004 0.012 0.016 -0.004 0.012 

Ni 4 2  0.851 0.111 0.962 0.851 0.111 0.962 
Ni diz-y2 0.851 0.118 0.969 0.851 0.117 0.968 
Ni d,,.d,,,d,, 0.021 -0.020 0.001 0.021 -0.020 0.001 

A E .  The full curve in figure 3 shows A E  as a function of c with the fractional coordinate 
of the apical F ions kept fixed, i.e. when the Ni-Fa, distance is changing proportionally to 
c .  In this case the A E  variation is much larger, with a decrease of about 25% from the 
value at the experimental geometry and this effect can be interpreted in terms of decreased 
compression of the Ni ion, and in particular of its d-electron charge distribution; when the 
apical F ions are at a larger distance, the d-electron charge distribution can contract in the 
basal plane and expand in the z direction, reducing the Ni-F-Ni superexchange coupling. 
In order to take into account this effect, equation (2) above can be generalized as follows: 

(3) A E  = A [ ( ~ z F / ~ ) "  - Cl(d/do)" 
where ZF is the z coordinate of the apical fluorine atoms. In the regular octahedra 2 z ~  = d,.  
so that in figure 2 the quantity in square brackets in equation (3) is constant (K = All -C], 
where K is the constant in equation (2)). In figure 3 (full curve), d = do. The data 
in figures 2 and 3 have been used to fit the above equation; the resulting parameters are 
A = 0.17373 mHartree; C = -3.35688; m = -8.05799; n = -11.51067; them exponent 
is then smaller than n. 

If the unit cell is now compressed in the basal plane keeping c (and the zup fractional 
coordinate) fixed af the experimental value, the points shown in figure 4 are obtained; the 
full curve is obtained from equation (3). In this case the increase in AE under the in- 
plane compression is less dramatic than for the regular octahedra, because the system can 
reduce the exchange repulsion in the FM state by slightly expanding the d-electron charge 
distribution in the z direction, as discussed above. 

3.3. The electronic structure 

K2NiF.j is a fully ionic insulator. The net charges, evaluated according to a Mulliken 
scheme, are very close to the formal charges (+1.00, +1.87 and -0.96 for K, Ni and F, 
respectively, in both the FM and the AFM solutions). The Ni d population corresponds to 
that of a de atomic configuration (8.09 electrons, for both the FM and the AFM solutions). 
The excess is due to overlap terms with neighbouring atom. The population of the three 
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Figurr 3. Energy difference (per two formula units) 
behueen the FM and AFM phases as a function of the 
lattice parameter c, The full and broken curves refer 
to calculations in which the position of the apical F 
ions (and then the amount of disrortion of the NiF6 
octahedron) remains anslant. or changes proportionally 
to c, respectively. The a lattice parameter is kept at the 
enperimentd value (4.01 A). 

Figure 4. Energy difference (per two formula units) 
between the FM and AFM phases as a function of d. the 
in-plme Ni-Ni distance. The lattice parameter e and the 
fractional coordinate LF are fixed at the experimental 
value. 4, is the experimental d-value (4.01 A). For the 
interpolaring curve. see text. 

degenerate tzp d orbitals is exactly 2, while that of the two e, d orbitals is slightly larger 
than 1. The apical F ions are not symmetry equivalent to the equatorial ions, but the 
corresponding atomic charges and multipoles are very similar. The fully ionic structure of 
K2NiF4 is confirmed by the Mulliken bond populations. We recall that large positive bond 
populations indicate covalent bonds; very small or null bond populations mean the absence 
of a covalent bond, such as in ionic compounds. Finally, negative bond populations indicate 
short-range (exclusion) repulsion. In the present case the bond populations are zero (Ni-K) 
or very small and negative (-0.004 and -0.013 electrons for the Ni-F and K-F bonds, 
respectively). This picture is confirmed by the chargedensity maps shown in figures 5 and 
6.  In particular the difference maps (bulk minus superposition of spherical ionic charge 
disfxibutions) show 

(a) for Ni, depletion of charge (chain Lines) along the principal axes, and build-up of 
charge along the ‘diagonals’ (direction of dxyr d,, and d?,), 

(b) for F, depletion along the Ni-F-Ni line, and transfer of this charge in the orthogonal 
direction and 

(c) for K (see the (100) section) a typical ionic spherical contraction. 

As regards the spin atomic densities, the Ni atomic spin is close to 2 (1.95 electrons for 
both the FM and the AFM states) and is entirely due to the d orbitals. The spin polarization 
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Figure 5. Total charge-density map in the (001) 
plane (bottom) through L e  Ni and F atoms, and in 
a (100) plane (top) through the three types 01 atom. 
The separation between contiguous isodensity curves 
iS 0.01 electrons BohrM3; the innermost curves in the 
atomic region carrespond to 0.08 electrons Bohr-'. 

Figum 6. Difference chnrgc.deDsity maps. Sections 
as in ule previous figure. The difference bctween 
the bulk density and the density obtained as a 
superposition of ions is =ported. The ionic solutions 
have been obtained with the ."e basis sets used 
for the periodic calculations. The scpmtion between 
contiguous isodensity curves is 0.005 electrons Bohr-'. 
The funcfion is wneared in the core regions zt 
f0.03 electrons Bohr'). The full, brokcn and chain 
lines correspond to positive, negative and zero values, 
respecfiveiy. 

does not involve the K+ ions at all (atomic spin 0.00 electrons), as is clearly shown in 
figure 7 (top). A small net spin density is located on the equatorial and apical F atoms 
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Figure 7. 
sections, symbols and scale as in previous figure. 

Spin-density maps for the FM solution: Figure 8. Spin-density maps for the AFM solution; 
sections, symbols and scale as in figure 6.  

in the FM case (0.016 and 0.012 electrons, respectively); the former disappears because 
of symmetry reasons in the AFM solution, and the latter remains unaltered. The FM and 
AFM charge- and spin-density distributions are very similar (see figures 7 and 8 for the 
spin density). The only difference is the extra build-up of charge and spin density on the 
equatorial F atoms in the FM solution compared to the AFM solution. 

The crucial point for understanding the larger stability of the AFM state with respect 
to the FM state is the small spin polarization and charge distribution contraction on the F 
atoms. The superexchange mechanism in the present case acts as follows: due to the fuIly 
ionic nature of this compound, the ions when 'inserted' in the solid contract to some amount 
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in order to reduce the Pauli (or exchange, or short-range) repulsion in the ion-ion contact 
region. This is clearly shown in figure 5. On the F ions, the contraction is more marked for 
the a electrons than for the p in the FM solution, because of the two unpaired a electrons on 
the two neighbouring NI atoms. In the AFM case the reduction in the short-range repulsion 
is easier, because it  can be obtained with a small shift in the a electrons towards the Ni 
atom with p polarization, and vice versa This simple mechanism is confirmed not only 
by figures 7 and 8 but also by the data in table 2, where the populations of some atomic 
orbitals on the Ni and F atoms are given. The table shows firstly that the FM and the AFM 
values are very similar in all but one case, the px spin population of the in-plane F atoms, 
which is null in the AFM solution and not in the FM solution. and secondly that this spin 
population is positive (same sign as the Ni atoms) in the ‘inner’ atomic orbitals, i.e. in the F 
core region, and negative in the ‘outer’ region, i.e. in the region of the atom-atom repulsion, 
which confirms the interpretation of a transfer of a electrons from the Ni-F region (so that 
in that region there is an excess of B electrons of the F-closed shell) to the core region, 
with a consequence of build-up of 01 spin density as appears in figure 7. The corresponding 
negative or p spin density does not appear in the maps because firstly it is much more 
diffuse, so that it is not evident in this scale, and secondly it should appear in the Ni-F 
direction where, however, the Ni a spin density dominates (two electrons, whereas the F 
polarization is of the order of 0.02 electrons). 

The system is a wide-band-gap insulator; the general features of DOS are very similar 
to those of KNiF3, which have been reported in [IO]. 

4. Conclusions 

The Ha&-Fock method describes correctly, at least on a qualitative level, the ground- 
state electronic properties of KzNiF4, The system is a two-dimensional antiferromagnet. 
The calculated magnetic coupling constant J is about 60% of the experimental value. The 
additivity of the superexchange interaction has been verified by comparing the results for 
KNi3  (six Ni-Ni interactions) and KZNiFd (four interactions). The calculated J dependence 
on d,  the Ni-Ni distance, is well fitted by a d-’ power with x = 11.5, in very good 
agreement with the value estimated by de Jongh and Block [7] comparing the experimental 
J-values for systems with similar geometries but different Ni-Ni distances. The role of the 
apical F ions has been discussed. The higher stability of the AFM phase with respect to the 
FM phase has been interpreted in terms of short-range repulsion and has been documented 
with charge-density maps and orbital population data. 
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